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Abstract
Nanostructured Cu/304 stainless steel (SS) multilayers were prepared by magnetron

sputtering at room temperature. 304SS has a face-centered cubic (fcc) structure in bulk.
However, in the Cu/304SS multilayers, the SS layers exhibited fcc structure for layer thickness
of less than or equal to 5 nm. For 304SS layer thickness larger than 5nm, bcc 304SS grains were
observed to grow on top of the initial z 5 nm of fcc SS. The maximum hardness of Cu/304SS
multilayers was z 5.5 GPa (factor of two enhancement compared to rule of mixtures hardness)
achieved at a layer thickness of 5nm, with a decrease in hardness with decreasing layer thickness
below 5 nm. The hardness of fcc/fcc Cu/304SS multilayers (layer thickness < 5 nm) is compared
with Cu/Ni, another fcc/fcc system, to gain insight on how the mismatch in physical properties
such as lattice parameters and shear moduli of the constituent layers affect the peak hardness
achieved in these nanoscale systems.

Introduction
Nanostructured multi layers are made up of alternating nanometer scale layers of two

different materials. The layer thickness can be well controlled in the scale of nmm or less by
physical vapor deposition (PVD). These nanostructured multilayers have novel mechanical,
electrical, magnetic, and optical properties [ 1-3]. The mechanical properties of these
multilayered composites are of particular interest since the strength of these multilayer
composites can be significantly increased to about 1/3 of the theoretical strength limit [4]. In the
jin to the sub-[tm length scale regime, the strengthening in these multilayers can be explained by
the Hall-Petch model of dislocation pile-ups at interfaces or grain boundaries. The yield strength,
a, is proportional to h-1/ 2 , where h is the layer thickness [5,6]. Hall-Petch slope is a measure of
the strength of interface barrier for dislocation pile-ups and determines the rate of strength
increase with decreasing h. However, in the tens of nanometers regime the Hall-Petch model
breaks down [1]. The deformation mechanism may involve glide of single dislocations, in the
form of Orowan loops, leading to (T o- ln(h)/h relation [4,7]. In the limit of a few nanometers,
the strength of the multilayer may be determined by the stress to transmit a single dislocation
across the interfaces. Factors such as shear modulus mismatch and lattice parameter mismatch
may determine the transmission stress for single dislocations. For multilayers with a large
difference between shear modulus, dislocations in the low shear modulus phase need to
overcome a high repulsive stress (Koehler stress) to enter the high modulus phase [8].
Furthermore, coherency stresses within the thin lattice matched multilayers may alternate from
tensile to compressive in adjacent layers, and results in an additional barrier for single
dislocation transmission across interfaces [9, 10]. The magnitude of coherency stress increases
with increasing lattice parameter mismatch. When the interfaces are semi-coherent, the spacing
of the misfit dislocations at the interface reduces with increasing lattice parameter mismatch. In
some systems, a drop in strength, or softening, is observed [ 1, 11-13] when the layer thickness is
below a few nanometers. The mechanisms for this softening, however, are not well understood.
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In this paper, we report the studies on microstructures and mechanical properties of
Cu/304SS multilayers. It is previously known that the Cu/304SS multilayers have fcc/bcc
structure for a layer thickness larger than 5 nm, while they have fcc/fcc structure for a layer
thickness less than 5 nm [14]. At layer thickness of less than 5nm, a reasonable comparison can
be made between Cu/304SS and Cu/Ni multilayers to understand the effects of lattice parameter
mismatch on the peak hardness. A comparison of mutual solubility, interface misfit and Young's
modulus mismatch between Cu/304SS and Cu/Ni (single crystal with cube on cube orientation)
is listed in Table 1.

Table 1. A comparison of Cu/304SS (h •5 nm) with Cu/Ni multilayer system.

Materials Mutual solubility Crystal Lattice parameter Ex/Ec. **
structure mismatch*

Cu/Ni [11] completely fcc/fcc 2.63% 1.99
miscible

Cu/304SS major elements fcc/fcc 0.48% (fcc SS) 1.82
immiscible with Cu^

"A Cu may have limited solubility in fcc SS [15]
* For fcc/fcc systems, % misfit between interplanar spacing of { 100}.
** Ecu is the average Young's modulus of polycrystalline Cu and Ex is the average Young's
modulus of the other phases. For Cu, Ni, the ratio of the Young's modulus in (100) orientation is
calculated.

Experimental
Cu/304SS multilayers were DC sputter deposited at room temperature on Si (100) substrates

that have a native SiO 2 layer. The chamber was evacuated to a base pressure of <5 x 10-8 torr
prior to deposition. Ar pressures of 5 mtorr and 4mtorr were used for the deposition of 304SS
and Cu respectively. Sputtering power of 200W and 100W for 3.95 inch diameter targets were
used for the deposition of 304SS and Cu respectively. In all multilayered composites. 304SS was
always deposited as the first layer on Si substrate. The thickness of the constituent layers within
the multilayers was varied from I to 500 nm, and the total number of bilayers deposited was such
that the total multilayer film thickness was z 2 pm. Transmission electron microscopy (TEM)
was performed on a Philips CM30 microscope at 300kV. The hardness and indentation modulus
of the multilayers and 2 gm single layered Cu and 304SS films were measured using an
indentation load-depth sensing apparatus, commercially available as Nano Indentor It.
Continuous stiffness technique was used for nano-indentation with a displacement rate of 2 nm/s.
The nominal indentation depth was 250 nm.

Results and Discussions
Microstructures of Cu/304SS multilayers are studied systematically for all layer thickness

with TEM. Selected examples are given in the sequence of increasing layer thickness beginning
with the smallest layer thickness of I nm. Fig. I shows that Cu/304SS multilayers with I nm
layer thickness exhibits a sharp interface between each layer. Columnar grain size, on the
average of 33 nm, within each layer is much greater than the layer thickness. The corresponding
selected area diffraction pattern (inset in Fig. I) shows a weak I 1111 fiber texture for the 304SS
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and Cu layers. The lattice parameter of fcc Cu is 0.3615 tim, while it is 0.3591 tim for fcc 304SS.
Therefore it is difficult to separate the diffraction rings from these two layers in electron
diffraction.

SFig. 1. Cross section TEM micrograph of Cu/304 SS
&A multilayers with an equal layer thickness of lnm

and the corresponding selected area diffraction
Spattern.

Cu/304SS multilayers with layer thickness < 5nm also exhibited fcc structures in both
layers. At layer thickness > 10 tm (Fig. 2), additional diffraction rings corresponding to bcc
304SS (lattice parameter 0.2866 nm) were also observed. Dark field TEM, not shown here,
revealed that the initial z 5 nm thick 304SS from the Cu/304SS interface was fcc and then bcc
304SS grains grew on top of the fcc grains. Thus, higher layer thickness multilayers exhibited
predominantly bcc grains (as shown in Fig. 3 for Cu/304SS 100 nm sample) with the much
smaller fcc grains confined to the interfacial region. The formation of bcc 304SS is nevertheless
a surprising result since 304 austenitic SS has 8-10 % Ni to stabilize the fcc austenite phase.

Si

Sonm 100nm

Fig. 2. Bright field TEM micrograph of Cu/304SS Fig. 3 Bright field TEM micrograph showing the cross
multilayers with a layer thickness of IOmiin Compared section of Cui304SS multilayers with 100 nt layer
to Fig. 1, the diffraction pattern shows additional rings thickness. Diffraction pattern (similar to Fig. 2) shows a
from the bcc structure of 304SS mixture of bcc and fcc 304SS phases, along with fcc Cu.
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The formation of metastable bcc 304SS thin film is proposed to be due to the rapid vapor
quenching achieved in the sputtering process [1 6]. It is speculated that the fcc structure in
sputtered 304SS thin films can only be stabilized by epitaxial growth on fcc Cu underlayer [14].
However, we have observed fcc structure in the first few nanometers of the 304SS thin film
sputter deposited on other non-fec substrates as well, e.g., Si with native oxide. It is possible that
dc magnetron sputtering of an alloy target that contains primarily Fe, Ni and Cr may not result in
a film with identical composition to the target. For 304SS, even a small drop in the Ni to Fe ratio
with increasing thickness may lead to the stabilization of the bcc structure. We are investigating
this in more detail using Auger depth profiling of the film composition as well as sputtering other
austenitic stainless steels that have higher Ni concentration to see what structures are obtained in
the thin films, and will report the findings in a separate article later.

The hardness of Cu/304SS and Cu/Ni multilaycrs are plotted as a function of h1/2 (Hall-
Petch plot) in Fig. 4, where h is the layer thickness. Hardness of Cu/304SS multilayers increased
almost linearly with h-/ for h > 100inm, consistent with the Hall-Petch model. This linear
relationship is deviated at smaller layer thickness. A maximum hardness of around 5.5 GPa is
reached at h = 5nm. For lower h, hardness drops with decreasing layer thickness, reducing to
around 4.7 GPa at h = lnm. The dashed line corresponding to a hardness value of 2.95 GPa
represents the rule of mixtures (ROM) values, i.e., average of the hardness of single layered Cu
and 304SS films. Therefore, the maximum hardness of multilayers is around a factor of 2 higher
than the ROM hardness. Since 304SS has a mixture of bcc and fcc phases at layer thickness
larger than 5nm, a demarcation line is drawn in Fig. 4 to separate the plot into two regimes. The
first regime, h > 5nm, consists of a mixture of fcc and bcc 304SS phases, while in the second
regime, h <5nm, 304SS has fcc phase.

7
bcc +ccSS + fccSS c Cu/304 SS

6 , Cu/Nj

C 5;
cn4
W) 5nm
a) 2.5nm lnm7r 3 , _ _. ,

"CZ SS Rule of mixture2--

0.0 0.2 0.4 0.6 0.8 1.0 1.2

h-1/ 2 (nm-1/ 2 )

Fig. 4. Hardness of Cu/304SS and Cu/Ni multilayers as a function of h"-' (h stands for layer thickness). The
hnri7nntal dashed line indicates the hardness of Cnl/104SS iccnrdinp tn the nile nf mixtures.
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A comparison of mechanical properties of Cu/304SS with previously studied Cu/Ni is listed
in table 2, for h < 5nm. The ratio of the maximum yield strength, T.... (estimated as 1/3 of the
maximum hardness), to the rule of mixture strength, , is higher for Cu/304SS as compared to
Cu/Ni. Cu/Ni multilayer is expected to be stronger than Cu/304 SS primarily due to a factor of
about 5 times larger lattice parameter mismatch. One difference between the two systems that
may affect the stress state at the interface is the mutual solubility. Cu and Ni are completely
miscible, while Cu and major elements (Fe, Cr) in 304SS are almost immiscible. Therefore the
interface between Cu and 304SS could be chemically sharper compared with Cu/Ni. It has been
shown that intermixing at the interface over a few monolayers may reduce the interface barrier
stress for slip transmission [17]. Another factor that should be taken into account is the
crystallinity of the multilayers. Cu/Ni data in Table 2 is for single crystal multilayers with cube-
on-cube orientation, while Cu/304SS multilayers were polycrystalline with <1I1> texture. For
coherent Cu-Ni multilayers, MD simulations have shown that the interface barrier stress is higher
for I III} twin interfaces than 1001 1 interfaces [10]. A comparison between epitaxial single
crystalline Cu/SS304 with Cu/Ni, both with (100) orientation, shall be very valuable for further
studies of strengthening mechanism at small layer thickness.

Table 2. A comparison of mechanical properties between Cu/304SS (h _< 5 nm) and Cu/Ni
multilayers.

Materials Crystal structure oix/ aon h at 07max (nm) Softening
Cu/Ni [11] fcc/fcc 1.61 5 Yes, forh <5nm

single crystal (100)
Cu/304SS fcc/fcc 1.88 5 Yes, for h < 5nm

polycrystalline
<1I1> texture

The similarity between the two systems is that softening occurred at layer thickness of less
than 5 nm. It is suspected that softening observed in Cu/Ni could be related to intermixing at the
interface between [16]. As mentioned above, graded interface may have lower barrier strength to
dislocation transmission than chemically sharp interface. As the layer thickness decreases to a
couple nanometers, the ratio of the intermixed layer at the interface (presumably a few
monolayers) to the layer thickness increases and this may account for the drop in the strength
with decreasing layer thickness below - 5 nm. In the case of Cu/304SS, the major elements (Fe,
Cr) in fcc 304SS are immiscible with Cu. However, Cu is reported to have -4% solubility in fcc
304 SS [15] and this may lead to limited intermixing, although much less than the case of
completely miscible Cu-Ni system. Furthermore, softening has been observed in immiscible
systems as well, although at layer thickness below - 1-2 nm. Therefore, other factors should be
considered in explaining the softening in Cu/304SS multilayers. The absence of misfit
dislocations at smaller layer thickness may lower the interface barrier to dislocations [10].
Recent molecular dynamics simulations [ 18] have shown that softening is to be expected when
dislocation core width is some fraction of the layer thickness. Our future work will examine the
softening at the smallest layer thicknesses in more detail.
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Summary
Sputter-deposited Cu/304SS multilayers have fcc Cu/fcc 304SS structure for a layer

thickness less than 5 nm, while a mixture of bcc and fcc 304SS with fcc Cu is observed at larger
layer thickness. The maximum hardness of Cu/304 SS is 5.5 GPa, approximately a factor of two
higher than the rule of mixtures hardness. The peak hardness of Cu/304SS is higher than that of
Cu/Ni multilayer even though the latter has a much larger lattice parameter mismatch, and
slightly higher shear modulus mismatch. This may be attributed to lowering of interface barrier
stress to single dislocation transmission due intermixing at the miscible Cu-Ni interface, and to
the differences in the texture in these systems. The decrease in hardness when the layer thickness
is reduced from 5 to I nm needs to be investigated in more detail.
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